8 Recent studies have demonstrated the proportional relationship between global warming and 9 cumulative carbon emissions, yet the robustness of this relationship has not been tested over a 10 broad range of cumulative emissions and emission rates. This study explores the path 11 dependence of the climate and carbon cycle response using an Earth System model of 12 intermediate complexity forced with 24 idealized emissions scenarios across five cumulative 13 emission groups (1275 GtC -5275 GtC) with varying rates of emission. We find the century-14 scale climate and carbon cycle response after cessation of emissions to be approximately 15 independent of emission pathway for all cumulative emission levels considered. The ratio of 16 global mean temperature change to cumulative emissions -referred to as the transient climate 17
confirmed by Gillett et al. (2013) , who used results from the CMIP5 1% CO 2 increase 1 experiment. Both studies tested the constancy of the TCRE for one emisson scenario only. 2 Zickfeld et al. (2012) explored the TCRE for a set of scenarios with varying emission rates, 3 and found it to be approximately constant across scenarios. Krasting et al. (2014) , on the other 4 hand, using a range of scenarios with constant CO 2 emission rates (2 -25 GtC yr -1 ), found the 5 TCRE to vary with emission rate. They found the TCRE to be highest at low and high 6 emission rates, and lowest at present-day emission rates (5 -10 GtC yr -1 ). 7
Previous studies exploring the proportional relationship between climate change and 8 cumulative carbon emissions either focused on a single emission scenario (Matthews et al. 9 2009; Gillett et al. 2013) or on emission scenarios with cumulative CO 2 emissions of up to 10 about 2500 GtC (Zickfeld et al. 2012; Nohara et al. 2013 ). Here we use the University of 11 Victoria Earth System Climate Model (UVic ESCM) to explore the transient climate and 12 carbon cycle response to emisson pathways spanning a broad range of cumulative CO 2 13 emissions and CO 2 emission rates. To this scope, we design a set of CO 2 emission scenarios 14 pertaining to five cumulative emission groups (1275 GtC, 2275 GtC, 3275 GtC, 4275 GtC, 15 and 5275 GtC). Each cumulative emission group includes a variety of peak-and-decline 16 scenarios, an "overshoot" scenario entailing negative CO 2 emissions, and a "pulse" scenario 17 with instantaneous CO 2 release. 18
The paper begins with an overview of the UVic ESCM, followed by a description of the 19 emission scenarios designed for the purpose of this study. The Results/Discussion section is 20 divided into three main components. First, the transient response of the physical climate 21 system is explored. Next, an analysis of the relationship between physical climate variables 22 and cumulative emissions is presented, followed by an exploration of the carbon cycle 23 response. Finally, the paper ends with a summary of key findings and conclusions. 24 25 2 Methods 26
Model description 27
The study utilized the UVic ESCM version 2.9, which includes an ocean general circulation Though the short-term CO 2 concentration varies by scenario, the CO 2 concentration begins to 29 converge after emission cessation for scenarios with the same cumulative emissions, and the 30 long-term CO 2 concentration (by the year 3000) is independent of the emissions rate; a 1 characteristic which is common to all five cumulative emission groups. 2 Initially, the increased atmospheric CO 2 concentration promotes increased photosynthesis and 3 water use efficiency in plants ("CO 2 fertilization"; Wullschleger et al. 2002) allowing for 4 rapid uptake of CO 2 by the land. However, as emissions cease and CO 2 declines while surface 5 air temperature remains elevated, the land becomes a weak net carbon source, leaving the 6 much slower ocean sink to take up excess CO 2 (Figure 9 ). 7
Surface air temperature 8
The short-term response of global mean surface air temperature (SAT) is dependent on 9 emission scenario, with scenarios entailing higher maximum emission rates yielding a faster 10 initial increase in temperature ( Figure 3 ). After emissions cease, however, temperature curves 11 within a cumulative emissions group converge towards a common value, suggesting that the 12 long-term (year 3000) global mean temperature response is pathway independent and only 13 dependent on the overall cumulative emissions (Eby et al. 2009; Zickfeld et al. 2009; Zickfeld 14 2012 ). Remarkably, despite substantially higher peak CO 2 concentrations in the OVST and 15 PULSE scenarios, the peak temperature is nearly identical to that of the other scenarios in the 16 same cumulative emissions group, suggesting that the peak temperature anomaly is also 17 approximately independent of the emission rate (Allen et al. 2009 ). The year-3000 global 18 mean temperature anomaly (relative to the year 1800) ranges between 2.4 o C for the 1275 GtC 19 scenarios and 8.9 o C for the 5275 GtC scenarios. The spatial pattern of temperature change at 20 the year 3000 is shown in Figure 4 for one select scenario from each cumulative emission 21 group. 22
The temperature anomaly after cessation of emissions is found to remain approximately carbon emissions of 1800 GtC and found that surface air temperature increases for several 2 centuries after an initial decrease following emission cessation. They suggest that this is due 3 to the warming associated with a decrease in ocean heat uptake together with feedback effects 4 arising in response to the geographic structure of ocean heat uptake overcompensating the 5 cooling associated with a decline in radiative forcing. In our simulations, surface air 6 temperature decreases following emission cessation for cumulative emissions in the range 7 1275-2275 GtC and increases for cumulative emissions of 4275-5275 GtC. The reason for the 8 slight continued increase in temperature following emission cessation in the larger cumulative 9 emission groups in our study is that the climate system takes longer to equilibrate with the 10 radiative forcing, i.e. the decline in ocean heat uptake is smaller, leading to larger warming. 11
We also found the regional temperature response at the year 3000 to be approximately 12 independent of emission pathway. For instance, the maximum temperature difference between 13 the 5275 GtC PULSE and SLOW scenarios at the year 3000 is ~0. Global thermosteric sea level rise, defined as the rise in sea level due to thermal expansion of 17 the ocean, is much slower to react to the increased radiative forcing than surface temperature. 18
The year 3000 thermosteric sea level rise (relative to 1800) ranges between 0.9 m for the 1275 19
GtC scenarios to 2.7 m for the 5275 GtC PULSE scenario ( Figure 5 ). Though thermosteric 20 sea level rise shows sensitivity to the emission rate for centuries after emissions cease (with 21 faster emission rates yielding a faster initial sea level rise), the curves slowly converge over 22 the course of the simulation, such that even in the 5275 GtC simulations, there is only a 0.08 23 m difference between the SLOW and PULSE simulations by the year 3000. year long simulation for all cumulative emission groups, however, indicates that on longer 29 timescales sea level rise is determined primarily by cumulative emissions. The rate of sea ice decline is path dependent, and a function of the CO 2 emission rate. 6
Emission scenarios with a higher maximum CO 2 emission rate display the fastest declines. 7
The minimum sea ice extent, on the other hand, is independent of emission pathway. 8
Our simulations suggest that there is a threshold cumulative emissions level at which the 9 modeled climate is no longer able to support year-round sea ice cover. Using the definition of 10 an ice-free Arctic adopted by the IPCC's Fourth Assessment Report (AR4), in which a 11 minimum ice extent of ≤1.0 x 10 6 km is considered ice free (Solomon et al. 2007 ), this 12 threshold lies between 1275 and 2275 GtC. 13
The UVic model fails to capture the current observed trends of rapid ice loss in the last 14 decade (Comiso 2012), a problem that plagues many climate models (Stroeve et al. 2007) . 15
The inability of the model to simulate the observed decline in sea ice suggests that the 16 threshold cumulative emission levels for an ice-free Arctic in the summer may be lower than 17 indicated by this study. 2011). The simulated AMOC is quite robust for even in the 5275 GtC scenarios the AMOC 23 index never falls below 13 Sv or ~59% of the preindustrial value before recovering ( Figure 7) . 24
Recovery of the AMOC occurs after temperatures at high latitudes begin to stabilize and 25 freshwater fluxes into the North Atlantic begin to stabilize or slow, allowing the overturning 26 circulation to export some of the excess freshwater from the region. 27
The transient response of the AMOC is dependent on emission pathway -with pathways term (year 3000) response of the AMOC, however, is path independent, although the curves 1 are slower to converge at higher cumulative emission levels. 2 Rahmstorf (2000) suggested that the AMOC may be subject to hysteresis or multiple stable 3 states -where the overturning circulation can be on or off, or associated with different 4 locations of deep water formation. The robustness of the AMOC in the UVic model, even at 5 extremely high CO 2 concentrations (such as in the case of the 5275 GtC scenarios), either 6 suggests that multiple stability states are not present in the UVic ESCM, or that the forcing is 7 below the critical threshold required to induce a state transition. The model, however, does 8 not include all potential feedbacks on the AMOC, including those associated with melt-water 9 fluxes from Greenland, so it is possible that the AMOC decline is underestimated by the 10 model. 11 that the TCRE decreases with increasing cumulative emissions. Furthermore, the slight 23 variation of the TCRE within cumulative emission groups suggests that the TCRE is sensitive 24 to the emission rate, with the TCRE decreasing with increasing rates of emission. The TCRE 25 calculated at the time of doubling of the pre-industrial CO 2 concentration ranges between 26 1.7°C TtC -1 (for the 5275 GtC OVST scenario) and 1.9°C TtC -1 (for the 1275 GtC scenarios). 27
Relationship between physical climate response and cumulative
The spread in the regression-based TCRE values of 0.6°C TtC -1 for the scenarios examined in 28 this study compares to a spread of 1.1°C TtC -1 for C 4 MIP models (1.0°C -2.1°C TtC -1 ; 29 albeit smaller than the sensitivity to structural differences in the suite of C 4 MIP and CMIP5 1
models. 2
The tendency for the TCRE to decrease at higher cumulative emissions was noted in earlier 3 studies for cumulative emissions in excess of 2000 GtC (Matthews et al., 2009 ) and 3000 GtC 4 (Gillett et al. 2013). The linear relationship between ΔT and E c depends on the cancellation of 5 the saturation of carbon sinks with increasing E c (which results in a larger airborne fraction; 6 see Figure 9 ) and the logarithmic dependence of radiative forcing on atmospheric CO 2 (which 7 results in a smaller increase in radiative forcing per unit CO 2 increase at higher CO 2 levels). 8
The decrease in TCRE with increasing E c suggests that the effect of saturation of the radiative 9 forcing dominates over the effect of a higher airborne fraction of CO 2 at higher cumulative 10 emissions in the UVic ESCM. 11
In a study with the GFDL model using scenarios with a range of linear emission increase 12 rates, Krasting et al. (2014) found the TCRE to increase with increasing emission rates (for 13 emission rates of 5-25 GtC yr -1 ), which is the opposite tendency from that found in this study. 14 The TCRE is determined by the effect of the CO 2 emission rate on carbon and ocean heat 15 uptake (Krasting et al, 2014): a higher CO 2 emission rate results in a larger airborne fraction 16 and hence higher atmospheric CO 2 levels and radiative forcing. On the other hand, the climate 17 system is less equilibrated with the radiative forcing, such that a lower fraction of the 18 equilibrium warming is realized compared to scenarios with slower emission rates. Whether 19 the TCRE increases or decrease with higher emission rates depends on the balance between 20 these two processes. Ocean heat and carbon uptake are determined by ocean mixing, and the 21 equilibration timescale is a function of equilibrium climate sensitivity, quantities that differ 22 widely among models. It is therefore conceivable that such differences cause the opposite 23 dependence of TCRE on emission rate in our study compared to that of Krasting et al. (2014) . 24
The version of the UVic ESCM used for this study does not include a permafrost carbon 25 model. Consideration of permafrost carbon would affect the magnitude of warming and could 26 potentially affect the linear relationship between warming and cumulative carbon emissions. 27
As the permafrost thaw depth would increase with warming, it would expose more carbon to 28 decomposition, driving further carbon release -a process known as permafrost carbon scenarios is the result of the fact that in these scenarios, peak temperature occurs during the 11 overshoot phase, whereas in the higher cumulative emission groups, peak temperature occurs 12 near the end of the millennium. 13
Atlantic Meridional overturning circulation

14
The peak response of the AMOC is dependent on the emission pathway, with scenarios 15 entailing the highest emission rates yielding the largest declines in overturning circulation. 16
The minimum overturning, unlike peak surface air temperature, does not display a linear 17 relationship with cumulative emissions (Figure 8 , Panel C). The minimum overturning shows 18 strong path dependence with higher emission rates yielding a deeper AMOC minimum. We 19 also find that the minimum overturning decreases with increasing cumulative emissions. and lower cumulative emissions (Figure 8, Panel D) . This likely arises from the fact that the 29 TCRE declines with increasing cumulative emissions and increasing emission rates.
Changes in the carbon cycle 1
Atmospheric carbon burden
2 Until emissions cease, the airborne fraction (defined as the ratio of atmospheric carbon burden 3 changes to cumulative emissions) varies substantially across emission pathways within the 4 same cumulative emission group (Figure 9, Panels A and B) , and is largest for emission 5 pathways with the highest emission rates. For the 5275 GtC scenarios, the maximum airborne 6 fraction varies between 72% for the SLOW scenario and 90% for the PULSE scenario. 7
The airborne fraction also varies substantially between cumulative emissions groups, more than half of the emitted CO 2 still resides in the atmosphere. The year-3000 airborne 12 fraction is 29% for the 1275 GtC scenarios and 63% for the 5275 GtC scenarios. 13
Ocean Carbon Uptake
14
The ocean takes up a large proportion of the cumulative emissions (Figure 9 , Panels E and F). 15
Until emission cessation, ocean carbon uptake is relatively rapid, with >50% of the emissions 16 taken up before emissions cease. Uptake slows substantially afterwards, primarily due to 17 declining atmospheric CO 2 levels. 18
The ocean uptake fraction decreases significantly with increasing cumulative emissions. By 19 the year 3000, ocean carbon uptake amounts to 56% of cumulative emissions in the 1275 GtC 20 scenarios, and 35% in the 5275 GtC scenarios. The decrease in ocean uptake fraction with 21 increasing cumulative emissions is due to a decrease in the CO 2 buffering capacity of the 22 ocean and stronger climate-carbon cycle feedbacks at higher cumulative emissions (Plattner et 23
al. 2008; Zickfeld et al. 2013). 24
Ocean carbon uptake across the different emission scenarios is slower to converge than for 25 atmospheric CO 2 -a function of the ocean's sluggish response to changes in atmospheric 26 forcing. By the year 3000, however, the differences across scenarios within a cumulative
Land Carbon Uptake
1
The terrestrial biosphere takes up a relatively small fraction of the cumulative carbon 2 emissions (3-15% of the total by the year 3000), but displays interesting dynamics (Figure 9 , 3
Panel C and Panel D). 4
Initially, global land carbon exhibits a rapid increase, driven primarily by the CO 2 fertilization 5 effect. Despite much higher peak atmospheric CO 2 levels, peak land carbon uptake is very 6 similar in the 2275 to 5275 GtC scenarios, indicating that there is a limit to the amount of 7 carbon which can be taken up by the terrestrial biosphere in the UVic model. To some degree in the 3375 GtC scenarios, but noticeably more so in the 4275 and 5275 GtC 16 scenarios, 'roller-coaster" type behaviour is evident in land carbon, where the initial CO 2 17 fertilization driven increase of land carbon is followed by a decline, before undergoing a slow 18 recovery towards the end of the simulation. This decline in land carbon after the peak is a 19 result of carbon losses in the Tropics ( Figure 10A ) associated with temperature-driven 20 mortality of tropical broadleaf forest (in tropical South America, SE Asia, and tropical 21 Africa), and replacement by C4-grass and shrub. The increase in land carbon following the 22 "dip" is driven by expansion of boreal needleleaf forest, as it displaces shrub and C3-grass 23 tundra at high latitudes. Land carbon continues to decline in the Tropics over this time period, 24 but is dominated by land carbon gain at high northern latitudes ( Figure 10B ). 25
Land carbon uptake does not show a monotonic response with increasing cumulative 26 emissions, owing to temperature related declines at higher cumulative emissions (3275 -5275 27 GtC) outweighing any CO 2 fertilization driven increase. Despite having the highest 28 atmospheric CO 2 concentration, the 5275 GtC scenarios feature the smallest absolute and 29 fractional land carbon uptake, while the 4275 GtC scenarios have the third highest absolute 30 uptake and the second smallest fractional uptake. Absolute uptake values increase between the 1275 GtC and 2275 GtC scenarios, before declining, while fractional uptake values are 1 highest in the 1275 GtC scenarios. This suggests that threshold behaviour may be occurring in 2 global land carbon, driven by strong temperature related losses at higher levels of cumulative 3 emissions (3275 -5275 GtC). 4
Slight path dependence is evident in the 5275 GtC scenarios, with the PULSE scenario 5
showing slightly lower land carbon uptake than the other scenarios ( Figure 9C) . Throughout 6 the model integration, the PULSE scenarios shows less land carbon uptake at high latitudes 7
and more uptake in the Tropics than its counterparts, but by the end of the model integration, 8 the land carbon difference in the PULSE scenario originates from central Asia, where C3 9 grass is replaced by needleleaf and shrub (not shown), which is not the case in the other 10 scenarios. 11
The land carbon cycle response to warming and elevated atmospheric CO 2 levels differs The ratio of global mean temperature change to cumulative emissions -referred to as the 25 Transient Climate Response to Cumulative Emissions (TCRE) -is found to be constant for 26 cumulative emissions lower than ~1500 GtC, but to decline with higher cumulative emissions. 27
The TCRE is also found to decrease with increasing peak emission rate, in contrast to the 28 results from another study (Krasting et al. 2014) . 29
The century-scale thermosteric sea level rise is also found to be approximately independent of 30 emission pathway. Small differences in sea level rise between scenarios within the same cumulative emisson group at the end of the simulation arise from the sluggish response of the 1 ocean to radiative forcing. 2 Similarly to global mean temperature and thermosteric sea level rise, we find the long-term 3 response of Arctic September sea ice cover to be independent of emission pathway and 4 determined only by cumulative emissions. The long-term sea ice cover declines with 5 increasing cumulative emissions, with a critical cumulative emission level for the loss of year-6 round Arctic sea ice found to be between 1275 and 2275 GtC. Changes in Arctic September 7 sea ice cover also show an approximately proportional relationship with cumulative 8 emissions, with the change in sea ice cover per unit change in cumulative emissions differing 9 slightly across scenarios and cumulative emission groups. 10
The peak response of the Atlantic meridional overturning circulation (AMOC) is found to be 11 path dependent, with pathways featuring higher emission rates yielding the largest AMOC 12 decline. Eventually, however, the AMOC responses converge, and there is little difference in 13 the year-3000 AMOC strength across scenarios within a cumulative emission group. At no 14 point does the AMOC shutdown in any of the 24 scenarios, suggesting that either the AMOC 15 in the UVic ESCM does not exhibit multiple stable states, or that the critical transition point 16
was not reached. 17
Similarly to the physical climate variables, the century-scale carbon cycle response after 18 cessation of emissions is found to be approximately independent of emission pathway. Small 19 differences in year-3000 ocean carbon uptake between scenarios at high cumulative emission 20 levels arise from the slow response of the ocean to changes in atmospheric CO 2 and 21 temperature. We also find a small difference in year-3000 land carbon uptake between 22 scenarios at high cumulative emissions (5275 GtC) due to hysteresis in regional land cover 23 changes. 24
The year-3000 land carbon uptake exhibits a non-monotonic response to cumulative CO 2 25 emissions, with land carbon uptake increasing for cumulative emissions up to 2275 GtC and 26 then decreasing. This indicates that for cumulative emissions greater than 2275 GtC, land 27 carbon gains associated with the CO 2 fertilization effect are more than offset by warming 28 related losses. Expressed as a fraction of cumulative emissions, land carbon uptake at year 29
Ocean carbon uptake at year 3000 increases in absolute terms with increasing cumulative 1 emissions, as a function of increasing atmospheric CO 2 levels at higher cumulative emissions. 2
The fraction of cumulative CO 2 emissions taken up by the ocean at the year 3000 decreases 3 with increasing cumulative emissions, from 56% in the 1275 GtC scenarios to 35% in the 4 5275 GtC scenarios. As a result of reduced fractional land and carbon uptake with increasing 5 cumulative emissions, the year-3000 airborne fraction of CO 2 increases with increasing 6 cumulative emissions, from 29% in the 1275 GtC scenarios to 63% in the 5275 GtC 7 scenarios. 8
In summary, this study shows that the long-term climate and carbon cycle response is 9 approximately independent of emission pathway over a broad range of cumulative emissions. 10
This study also confirms the approximately proportional relationship between global warming 11 and cumulative carbon emissions. The TCRE deviates from constancy for cumulative 12 emissions greater than ~1500 GtC and is sensitive to the rate of emissions, but these path 13 dependencies are a smaller source of uncertainty in the TCRE than inter-model differences. 
